Eukaryotic flagella are complex cellular extensions involved in many human diseases gathered under the term ciliopathies. Currently, detailed insights on flagellar structure come mostly from studies on protists. Here, cryo-electron tomography (cryo-ET) was performed on intact human spermatozoon tails and showed a variable number of microtubules in the singlet region (inside the end-piece). Inside the microtubule plus end, a novel left-handed interrupted helix which extends several micrometers was discovered. This structure was named Tail Axoneme Intra-Lumenal Spiral (TAILS) and binds directly to 11 protofilaments on the internal microtubule wall, in a coaxial fashion with the surrounding microtubule lattice. It leaves a gap over the microtubule seam, which was directly visualized in both singlet and doublet microtubules. We speculate that TAILS may stabilize microtubules, enable rapid swimming or play a role in controlling the swimming direction of spermatozoa.
surfaces, plus and minus ends are often occupied by a wide assortment of MAPs and motor proteins that affect their characteristics, likely exerting effects through synergistic ways 29, 30 . Only two known MAPs, tau and tubulin acetylase, have been suggested to localize in the microtubule interior 31, 32 . Yet, electron microscopy and (cryo) electron tomography have shown that proteins also localize to the inside of microtubules [33] [34] [35] [36] [37] [38] [39] [40] [41] . These microtubule inner proteins (MIPs) are often found in dMTs and are all of unknown identity and function. However, their specific localization and variable frequency suggest that they serve important regulatory functions for the microtubule cytoskeleton 5 .
In this study, we performed the first three-dimensional reconstruction of intact human flagella using cryo-electron tomography on spermatozoon tails. By visualizing this cell type, we discovered a novel protein complex, Tail Axoneme Intra-Lumenal Spiral (TAILS), spanning several micrometers in the lumens of all healthy human spermatozoa axonemal microtubules at the distal end. TAILS binds to the inside of the microtubule and leaves a gap over the seam. The sub-tomogram average achieved sufficient resolution to resolve the tubulin subunits and the microtubule seam was directly visualized.
Results
Observation of an interrupted helix in the singlet microtubule lumen. To study the structure of human flagella, we performed cryo-electron microscopy of the distal tip of human spermatozoa that were plunge-frozen in complete seminal fluid and we generated 55 cryo-electron tomograms on a total of 33 different intact human sperm tails ( Table 1 ). The exact location along the sperm tails and area included in 22 of those tomograms could be identified using lower magnification images (Fig. 1A) .
The end piece of spermatozoa contained only singlet microtubules (Fig. 1B,C) . Twenty-three cryo-electron micrographs of different human spermatozoa end pieces displayed an unexpected, extensive, and regular interior structure in all microtubules (Supplementary Figure 1) . This structure was further analyzed and studied in the acquired tomograms (Fig. 1B,D) . Transverse lumenal slices of the electron tomograms displayed diagonal electron densities with 8 nm periodicity. The tilt of the striations was reversed on opposing sides of the lumen (arrows in Fig. 1B and Supplementary movie 1), suggesting a left-handed helix with a pitch of 8 nm. We named this structure Tail Axoneme Intra-Lumenal Spiral (TAILS).
To investigate the extent of the TAILS complex, cryo-electron tomograms farther from the tip were examined. A transition from distal singlet microtubules into doublet microtubules was observed in one tomogram, 2.5 μm away from the tip (Fig. 1E,F) . In this region, the TAILS structure was still continuous inside all the singlet microtubules and persisted into the doublet microtubules. TAILS eventually terminated approximately 300 nm into the dMT (Fig. 1G) . It thus extended for around 3 μm from the spermatozoon tip. A TAILS-like structure was also present in the lumen of the B-tubules, starting from their plus end, and it extended, with its 8 nm periodicity, further towards the sperm head than TAILS in the A-tubule. Closer to the cell body, the A-tubule was filled with less defined electron density.
Intraluminal TAILS-like striations were also found inside central pair microtubules. The distance from the tip at which central pair microtubules terminated was variable between cells. The central pair microtubules stretched through one tomogram acquired at 5.5 μm from the sperm tip (Fig. 1H) . In another cryo-ET, acquired closer to the cell body, the central pair microtubules terminated at 7.5 μm from the tail tip. This indicates that central pair microtubules might extend less far than other axonemal microtubules. In both cryo-ETs the TAILS-like striations were found in the central pair microtubules (Supplementary Figure 2) . The dMTs did not terminate and did not contain TAILS in either of these tomograms, probably because this occurs closer to the tip, as described above. These results suggest a preference for TAILS to localize towards the microtubule plus ends.
To give an overview of the flagellar regions where TAILS was present, we noted which tomograms it was observed in (Fig. 2) . A total of 8 tomograms of known distance from the tail tip presented TAILS. Most of them included microtubules in the singlet region or central pair microtubules within the complete axoneme. On one occasion, TAILS was observed in central pair MTs as far away from the tail tip as >10 µm. Only one tomogram showed the presence of TAILS in doublet microtubules (Fig. 1E-G) .
The TAILS complex binds to interior wall of 11 protofilaments with a gap over the seam. At first sight, it is difficult to see how one might reconcile an 8 nm pitch interior helix with the 12 nm pitch expected at the seam of the 13-protofilaments wall of singlet microtubules (Fig. 3A) . To resolve this discrepancy and clarify the nature of the structure, we performed sub-volume alignment and averaging on 1940 particles that were selected along 34 singlet microtubules. Sub-volume averaging increased the signal-to-noise ratio revealing a left-handed interrupted helix. In longitudinal view, TAILS was clearly recognizable as the repetitive pattern seen in the raw data ( Fig. 3B,C ; Supplementary Movie 2). A 3D model of the sub-tomogram average was created using density thresholding, which also showed the structure of TAILS ( Fig. 3D; Supplementary Movie 2) . The average showed that TAILS is made up of multiple helical segments. One TAILS segment occurs every 8 nm along the microtubule axis. Each segment has a pitch of 12 nm, matching that of 13 the protofilament microtubule wall (Fig. 3A) . This led us to examine the site of TAILS binding in relation to the microtubule seam. The seam could be directly identified in the microtubule lattice ( Fig. 3E,F; Supplementary Figure 3) . In cross-sectional view the TAILS complex is clearly visible as an electron density ( Fig. 3G ) which rotates around the lumen when viewed at successive positions along the microtubule axis (Supplementary Movie 3). Moving through the sub-tomogram average, gaps in the TAILS complexes are apparent on the inside of the microtubule ( Fig. 3H-I ). Each segment spans between 240 and 305 degrees (based on centers or edges of electron densities, respectively) leaving a gap spanning portions of 2 protofilaments around the MT seam. The proximal end of a given segment occurs at approximately the same axial height as the distal end of the previous segment. The result is a stack of identically oriented, C-shaped segments that are coaxial with the surrounding tubulin helix. TAILS can also be thought of as an interrupted or incomplete 3 start helix, where the interruption is found across the microtubule seam.
Microtubules in the human singlet zone are non-randomly organized. The singlet zone at the flagellum tip appears less highly organized than the complete axoneme, which is more proximal to the cell body. In the human spermatozoa investigated here, the number and position of microtubules are variable both within the singlet zone of an individual single sperm tail, and between singlet zones of different sperm tails. The disruption of TAILS decoration over the MT seam can be used as a compass to investigate whether or not microtubule seams in the singlet region are randomly oriented with respect to each other.
Three cryo-ETs of singlet regions containing 9, 11 and 14 microtubules were investigated, two were acquired at the absolute tip of the sperm tail and one at 1.5 µm from the tip (Fig. 4A ). The presence of 14 singlet microtubules in one cryo-ET is noteworthy since it shows that both A-and B-tubules nucleate singlet microtubules. All of these microtubules consisted of 13 protofilaments, meaning that the incomplete B-tubule gained 3 protofilaments after separating from the A-tubule. Using the coordinates applied to rotate particles and generate the sub-tomogram average, the 3D isosurface models of singlet microtubules could be docked back into a 3D model representing the microtubule orientation inside each cell, allowing easy visualization of the seam orientations ( Fig. 4B-D) .
To investigate possible non-randomness of singlet region seam orientations, bootstrap analysis was performed using a number of local and global measures of orientation. Local measures, such as mean or minimum angular distance to neighboring tubules, showed no indication of non-randomness. A more global measure, total change in angle for a path visiting each microtubule exactly once, does however suggest partial ordering. Bootstrapped p-value estimates of 0.011, 0.301, and 0.031 were obtained for singlet zones with 9, 11, and 14 microtubules, respectively. Combined data from all 3 singlet zones yields a highly significant p-value (≤0.005), as described in Materials and Methods, indicating that seam orientations are not completely random. We suggest that the observed deviations from randomness likely reflect remnants of the more rigid organization of the proximal axoneme. The seam is located between protofilaments A8 and A9 of the doublet microtubules. Since the position of the A-tubule seam in dMTs has not been resolved using cryo-ET, and other methods such as single particle analysis have given conflicting results [9] [10] [11] , there is still some debate as to where it is localized. The orientation of the gap in TAILS can be used as an indicator of the microtubule seam position in dMTs.
In two cryo-ETs that we acquired, the transition from dMTs to singlets was included in the volume. The TAILS complex clearly extended into dMTs in one of these tomograms (Fig. 1G) . In the other cryo-ET, the TAILS complex in the A-tubule was not visible but B-tubules still had clear luminal decorations. This shows that the extent of the TAILS complex within dMTs is variable. Only the tomogram with complete TAILS decoration in both dMTs (478 particles) was used for sub-tomogram averaging. The structure has an 8 nm repeat, like in singlet microtubules, and a gap of the TAILS complex was found to be at the outer junction between protofilament A8 and A9 of the dMTs ( Fig. 5A-F; Supplementary Movie S4) . Thus, we inferred that this is the position of the A-tubule seam. Inside the B-tubule seven or eight protofilamens were decorated, possibly with a TAILS-like protein, but protofilaments B1, B10 and possibly B9 were undecorated.
Sub-tomogram averaging enabled to increase the signal to noise ratio to the point where the α and β tubulins were resolved in our dMTs (Fig. 5H) . The seam was clearly visible between protofilament A8 and A9 (Fig. 5G-I) , in the outer junction of the dMT. In comparison, the dMT inner junction showed a perfect B-lattice (Fig. 5J) .
Tubulin heterodimers were equally spaced 8 nm apart, but there appeared to be a compaction of their electron densities that may or may not be TAILS related.
Discussion
This is the first time an intact human flagellum has been studied using cryo-electron tomography. We have described a novel structure that we named TAILS, which is comprised of helical segments spaced every 8 nm. Many TAILS segments assemble into an array along several micrometers of the inner wall of all singlet microtubules in the end piece of human sperm tails. TAILS binds to the inside of the tubulin heterodimers and spans 11 protofilaments. The interruption of the helix spans over the position of the microtubule seam. TAILS has a pitch and handedness matching that of the tubulin helices comprising the microtubule wall. This pattern is consistent with what would be expected for a structure comprised of repeating identical segments or subunits capable of distinguishing between α and β tubulin. We suggest two alternative models for the molecular structure of TAILS, which could consist of multiple monomeric segments (Fig. 6A ) or multiple groups of 11 subunits (Fig. 6B) , leaving a gap over the seam in either case. Our sub-tomogram averaging yielded a resolution that was high enough to distinguish some of the tubulin subunits on the dMTs still inside of the frozen cell in its native state. The gaps between heterodimers have previously been shown to be larger than those between the subunits of each dimer 42 , therefore we consider it most likely that this gap in the microtubule lattice occurs in between heterodimers. We infer the identity of the tubulin subunits with the help of the following information: (1) microtubule plus end is capped with the β-tubulin subunit 43 , and (2) flagella have their microtubule plus ends at the flagellum tip 9, 44 . TAILS binds in the interface between the α and β tubulin subunits, and extends with a slight slope towards the microtubule plus end (Fig. 5G and K,L) .
The achieved resolution allowed identification of the seam in both singlets and dMTs, making this the first time this structure has been visualized directly inside an intact cell. The reported position of the seam in dMTs differs with previously published papers. First, the seam was inferred to be at the inner junction of the dMTs of sea urchin sperm (Psammechinus miliaris) 9 , then two more recent papers, using single particle techniques to achieve high resolution maps of dMTs from Tetrahymena thermophila, suggested a position of the seam at the outer junction, between protofilaments A9-10 11 or A10-11 10 . We observed the seam between the A8-9 protofilaments, both by the location of the gap in TAILS and by direct visualization. The differences observed might be a result of using different methods, or might reflect a real difference in the location of the seam between species.
The presence of 14 microtubules in the singlet region confirms that also in humans, the dMTs can split and form a duplex microtubule, like the ones seen in rodent spermatozoa 16 . The 13 protofilament microtubule lattice found in vivo has been shown to be determined by the nucleation factor γ tubulin ring complex (γ-TuRC) 45 . The fact that all the singlet microtubules consist of 13 protofilaments, even those derived from the 10 protofilaments B-tubule, suggests that γ-TuRC is not the sole determinant of protofilament number in vivo. The orientation preference of the microtubules in the singlet zone suggests that the singlets maintain the seam position previously established in the complete axoneme.
TAILS decorates the inside of every tubulin heterodimer, except the two protofilaments at the seam, for several micrometers before the microtubule plus ends. The function of this complex structure is of course of high interest. Since no other human flagellum tip have been examined with electron tomography or cryoEM, it is unclear if TAILS is a sperm-specific structure and if it has a sperm-specific function. We suggest four different hypotheses for its function, which are not mutually exclusive. First, TAILS seems to have compacted the tubulin heterodimer, a feature which would translocate to the outside of the microtubule. This rearrangement of the lattice might prevent motor proteins and other MAPs to bind in their regular way, defining the singlet region in a molecular manner. Second, TAILS might provide extra rigidity to the microtubules in this region, so that the end piece has an increased stiffness, which might aid motility, crucial to spermatozoa. It may provide a structural support such as the para-flagellar rod in Trypanosoma brucei [46] [47] [48] , another single cell whose motility is crucial for its survival 49 . Third, the TAILS complex could also stabilize microtubules, preventing the dynamic turnover constantly occurring in flagella tips 50 . Helical reinforcement is an efficient solution regularly used in engineering, e.g. in bicycle frame tubes or in armored hoses. Since microtubules depolymerize by outward curling of protofilaments 51, 52 , the c-shaped helical segments of TAILS could prevent splaying similar to how spiral hose reinforcement prevents radial expansion. The saved energy could then instead be invested in rapid cellular translocation. This hypothesis is consistent with the observation that the TAILS complexes extend to the central pair microtubules, far into the sperm tail. Lastly, TAILS might also play a role in determining the direction in which spermatozoa swim, since there is evidence in other organisms that the singlet zone may be associated with signaling or sensory functions as well as motility 4 . Future studies will determine if TAILS is sperm-specific or a general structure of human flagella, which would aid in understanding its function.
Potential mechanisms for controlling the extent and orientation of the helical segments are worth considering. The TAILS complex has a gap in the structure spanning the inside of the microtubule seam. Binding specificity of the putative inner wall binding monomers coupled with conformational variation of the subunits closest to the seam alone could account for the observed structure. A monomer binding to the alpha and beta tubulin interface, like TAILS, could be unable to bind to the intraheterodimer interface across the seam, leaving a gap. If a bridge over this gap is present, such a structure would likely be comprised of protein(s) distinct from the inner wall binding monomers, and its length might naturally limit the span of the helical segments.
In conclusion, we performed cryo-electron microscopy and tomography on intact human spermatozoa. This study led to the discovery of a novel, complex structure inside of the microtubule lumen which we named TAILS. The structure extended for several micrometers along microtubules at their plus end, in the flagellum tip, and bound microtubules at the inner intradimer interface of tubulin dimers, but left a gap over the seam. We hypothesized that TAILS might have a role in tubulin compaction, flagellar rigidity, microtubule stability and/or directionality of cellular translocation.
Since sperm motility and morphology are determinants of male fertility 53 , understanding the functional role of the TAILS complex may have clinical implications relating to male infertility and contraception. Our discovery of a novel extensive microtubule associated structure, despite the fact that microtubules have been studied for over 50 years, underlines the importance of studying human microtubules and flagella, as well as other organisms, by cryo-ET.
We look forward to the future identification of the proteins involved in regulating the microtubule cytoskeleton from the lumenal side, including the proteins forming the TAILS complex.
Materials and Methods
Sample collection and plunge freezing. Spermatozoa were donated by three healthy men and frozen unperturbed in seminal fluid to which colloidal gold was added (to be used as fiducial markers). A Vitrobot climate-controlled plunge freezer (FEI Company Ltd., Eindhoven, The Netherlands) was used within 1-3 h post ejaculation. After freezing for electron microscopy, remaining cells were examined under the light microscope, where their motility ensured that viable spermatozoa had been frozen.
Cryo-electron microscopy and tomography. Microscopy was performed as described previously 46, 54 . In brief, images (electron dose of ~25 e − /Å 2 ; −4 to −6 µm defocus) were acquired at 27500 x on a Tecnai F30 electron microscope (FEI Company Ltd) operated at 300 kV. The detector was a GATAN UltraCam, lens-coupled, 4 K CCD camera (binned by 2) attached to a Tridiem Gatan Image Filter (GIF: operated at zero-loss mode with an energy window of 20 eV; Gatan Inc., Pleasanton, CA, USA). For tomography, tilt-series were acquired every 1.5 degree (±60 degrees) using serialEM software 55 . The total electron dose was kept between 80-120 e − /Å 2 . Cryo-ETs were calculated using eTomo and CTF correction was applied to all datasets. All tomograms were acquired on cells from a single donor and cryo-electron micrographs were acquired from the other two donors to confirm the presence of TAILS.
Subvolume Alignment and Averaging. Models with open contours approximating the path of microtubules in the electron tomograms were created in IMOD 56 . PEET 33 was used for adding model points with the desired spacing (8 nm, matching the periodicity of the TAILS complex) along each contour and for subsequent alignments and averages. For each model point a subvolume of 60 voxel 3 (46.2 nm 3 ) was selected. Number of tomograms, microtubules and particles for each average can be found in Table 1 . Subvolumes from individual microtubules were first aligned and averaged separately. Final alignment and averaging combining microtubules and tomograms was then performed starting from positions and orientations obtained by aligning the individual tube averages. Soft-edge cylindrical masks with empirically chosen radii were applied during alignment of singlet microtubules. Wedge-mask compensated principal component analysis followed by k-means clustering 57 was used to check for heterogeneity and to assess the impact of missing wedge artifacts on candidate alignments.
Statistical Analysis of the Singlet Region. Volumetric and isosurface representations corresponding to each tomogram were constructed by pasting the final average and its 3D model back into the original volumes. Statistical analysis of microtubule azimuthal positions was conducted in MATLAB (The Mathworks Inc., Natick, MA) using bootstrap analysis with 10,000 replicates and, when necessary, bounded depth-first search to compute the optimal value of the statistic of interest for each bootstrap replicate. As a global measure for higher-order organization, we used bounded depth-first search to compute, for each spermatozoon, the length of the minimum angular distance path visiting each singlet microtubule exactly once. An overall probability of finding non-random orientation of microtubules based on data from all three spermatozoa was calculated. The p-values for each spermatozoon were combined using Fisher's method for independent hypothesis tests 58, 59 . Alternatively, we can also arrive at an overall p-value by bootstrapping the mean or, equivalently, the sum of the 3 minimum path lengths.
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